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Abstract

Product customization has been recognized as an effective means to implement mass customization. This paper focuses on the

customizability issue of design, that is, to evaluate the cost effectiveness of a design to be customized in order to meet individual customer

needs. Three aspects of customizability are identified, namely, (1) design customizability: the intrinsic nature of product by design, which

renders customization to be easy or deficient for either customers or the manufacturer, (2) process customizability: the economic latitude of

(production) process variations due to product customization, and (3) the value of customization as perceived by the customers. While design

customizability is measured based on the information content metric, the evaluation of process customizability follows the general gist of

process capability indices. Conjoint analysis is employed to explore customer preference for multiple product features in terms of utility.

Customizability analysis thus exhibits a maximization of customer-perceived value while exploiting the potential of design to be customized

by achieving optimal design and process customizability indices.

q 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Mass customization [1] aims at best satisfying individual

customer needs with near mass product efficiency [2]. The

rationality of developing product and process platforms as a

means to achieve product variety while maintaining

economy of scale has been well recognized in both

academia and industry alike [3–6]. The fundamental

concern regarding product and process platforms manifests

itself through the fact that the company must optimize

external variety versus internal complexity resulting from

product differentiation [7]. It thus becomes imperative to

assess the added value of customization with respect to the

impact of customization on the loss of scale economy in

design and production. This paper focuses on such a

customizability issue. Specifically dealt with is the issue of

measuring customizability inherent in the product and

process platforms with economic consideration. The goal is

to present design and process engineers with insights into

product customization and its produceability.

Some researchers have strived to develop design

metrics for tradeoff analysis in customization. Martin and

Ishii [8,9] develop quantitative tools to determine customer

preference for variety and to estimate manufacturing costs

of providing variety. Gonzalez-Zugasti et al. [10] propose a

quantitative measure of the value of product families to the

company and apply it to select the best design from a set of

possible alternatives. Simpson et al. [11] employ a market

segmentation grid to identify suitable scaling factors based

on which a common product platform can be customized to

satisfy a range of performance requirements. They charac-

terize the amount of variety within the product family based

on the variation of scaling factors. Conner et al. [12] apply

robust design principles to address product family tradeoffs

using the commonality and performance indices developed

by Simpson [13]. Blackenfelt [14] introduces the quality

loss function to facilitate the optimization of the degree of

variety within a product platform.

Collier establishes the basis of commonality indices for

measuring the degree of commonality underlying a

product structure in the form of a bill-of-materials

(BOM) [15]. Siddique [16] proposes measures of
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component commonality and connection commonality

based on the analysis of the modular structures of

automotive underbodies. Jiao and Tseng extend Wacker

and Trelevan’s [18] individual indices of component

commonality and process commonality to coherent single

indices and map out managerial implications regarding

tradeoffs between component commonality and process

commonality [17]. Kota et al. introduce a product line

commonality index to assist product family design [19].

McAdams et al. [20,21] study the issue of similarity

measure from a functional design perspective. Jiao and

Tseng [22] investigate the fundamental concerns of

modularity and commonality as well as the relationships

in between. Martin and Ishii [23] propose the generational

variety and coupling indices to characterize the impact of

market requirements on changes of product platforms over

time. Ulrich [24] studies the modularity issue in the

context of product architectures.

On the empirical side, existing research on examining the

cost consequence of customization and how it affects

operational performance has been limited and inconclusive.

Ho and Tang [25] discuss the modeling and analysis of value

and cost tradeoffs from marketing and economics perspec-

tives. Kekre and Srinivasan [26] investigate the market

benefits and cost disadvantages of broader product lines.

Banker et al. [27] observe that product complexity has a

significant impact on the cost of supervision, control and tool

maintenance as well as congestion and quality. MacDuffy

et al. [28] suggest that the impact of product variety on

performance varies, and is generally much less than the

conventional manufacturing wisdom predicts. Herrmann and

Chincholkar [29] propose a design-for-production method

for designers to evaluate product designs by comparing their

manufacturing requirements with an available production

capacity and an estimated cycle time. Kusiak and He suggest

design-for-agility rules to make product designs robust

against the changes in production schedules [30].

While decision making about customizability often

involves tradeoffs among the marketing, design and

production departments, existing approaches seldom tackle

all these aspects within a coherent and integrated frame-

work [31]. Given the multidimensional nature of product

and process platforms in build/configure-to-order

production, it rises in importance to achieve a synergy of

customer needs, products and processes throughout custo-

mizability analysis [32].

Towards this end, this paper identifies two sources of

customizability, namely, design changes and process

variations. Accordingly, two indices are developed for

measuring design customizability and process customiz-

ability, respectively. The rationale behind a customiz-

ability index is to measure the cost-effectiveness of a

customization feature in terms of the customer-perceived

value and the associated flexibility in product and process

platforms. The utility theory is applied to model the

customer-perceived value of each individual product

feature. Conjoint analysis is employed to develop a joint

utility of multiple features of a specific customer order.

Therefore, customizability analysis can be formulated as

either a design evaluation or design optimization problem.

The objective is to maximize customer-perceived value of

customization while achieving optimal design and process

customizability indices.

2. Fundamental issues of customization

Considering the market benefits of customization and the

costs of providing variety, it is reasonable to fulfill

customization within a company’s capabilities in design

and production. In practice, this is often achieved by

developing product and process platforms [3]. A product

platform performs as a base product from which product

families can variegate designs to satisfy individual customer

requirements. Corresponding to a product platform, pro-

duction processes can be organized as a process platform in

the form of a bill-of-operations (BOO) (e.g. standard

routings), thus facilitating build/configure-to-order pro-

duction for given customer orders [7].

As shown in Fig. 1, the customization process can be

illustrated along the entire spectrum of product realization

according to the domain framework [33]. A product

platform is characterized by a set of design parameters

(noted as D), which suppose to meet certain customer needs

characterized by a set of functional requirements (noted as

F). The corresponding process platform can be character-

ized by a set of process variables (noted as P). Assume D

implies certain changes from the platforms in terms of F; D

Fig. 1. Multiple views of customization.
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or P: A customized product is derived from the platforms by

making changes to F; D and P such that the actual product is

defined as F þ DF; D þ DD; and P þ DP:

More specifically, customization starts with functionality

in the functional domain. A customization requirement, DF;

is manifested by the customer’s choice of customizable

functional features and/or their values (options) provided by

a product platform (this functional view of product platform

is referred to as a product portfolio). The customer-

perceived value of each customization requirement indi-

cates customer satisfaction in the customer domain and can

be measured as a utility, UðDFÞ:

To deliver the expected DF; the product platform

(regarded as a base product) needs to be modified to a

certain extent (e.g. to change design parameters or

configuration), resulting in some design changes, DD; in

the physical domain. The mapping from DF to DD exhibits

the typical product family design process, where a product

variant is derived from the product platform through

applying various variety generation methods to the base

product [34]. Similarly, in the process domain, the process

platform (e.g. a standard routing) needs to be adjusted (e.g.

different set-ups), referred to as process variations, DP;

representing the impact of design changes on production.

As a result, customizability essentially depends on the

justification of cost-effectiveness around three pillars: the

utility, design changes, and process variations, that is, for all

customization requirements,

DF ˆ GðUðDFÞ;DD;DPÞ; ð1Þ

where DF denotes an expected customization in terms of

functionality, UðDFÞ indicates the added value or degree of

customer satisfaction of the customization, DD character-

izes the technical feasibility of fulfilling the customization,

and DP indicates the costs of fulfilling the customization.

3. Design customizability

Robust design has been widely practiced to make a

design insensitive to changes of uncontrollable (noise)

factors. The effort aims to bring the mean of performance on

target and minimize the deviation of performance [35].

Robustness is achieved by minimizing deviations in

performance with respect to small changes of noise factors

or design parameters [13]. Customization aims to achieve

the required deviation of performance by changing design

parameters, where the changes may be large or small

subjective to the particular design context. Therefore, the

major concern of customization is not the robustness but the

flexibility of a design to be modified to accommodate

variations (deviations) in functional requirements (referred

to as expected performance). In other words, design

customizability is characterized by the ease (i.e. flexibility)

of a change rather than the extent (i.e. robustness) of a

change. Indeed, a design easy to change does not

consequently deserve good customizability. The contri-

bution of the change to customer satisfaction is another

important dimension. A customization difficult in modify-

ing the base design yet producing high customer-perceived

value may lend itself to better customizability than a design

easy to change whereas less appreciated by the customer.

Suh [33] introduces the information axiom to design

evaluation. Flexibility is implied in the measure of information

content by associating design performance as achieved

performance range (i.e. system range) to the customer expected

level of performance as target range (i.e. design range). This

paper thus applies the information content measure to assess

design customizability while considering both UðDFÞ and the

mapping relationship between DF and DD:

As shown in Fig. 2, the achieved performance, Fsr; of a

customized design is described by a probability density

function, pðFsrÞ; over the system range, ½FL
sr; FU

sr�: This is

achieved by customizing a base product, i.e. Fsr ˆ ðBase

Design þ DDÞ: The expected performance, Fdr; covers

the design range, ½FL
dr;F

U
dr�: This comes from the customiza-

tion requirement with respect to the base product, i.e. Fdr ˆ

ðBase Spec:þ DFÞ:

3.1. Expected performance and preference function

As far as product customization is concerned, a

customization requirement is observed as a ranged

Fig. 2. Preference function and performance distribution.

J. Jiao, M.M. Tseng / Computer-Aided Design 36 (2004) 745–757 747



specification of a particular functional requirement, i.e.

DF , ½FL
dr;F

U
dr�; and thus can be interpreted as the expected

performance of the customized design, i.e. Fdr: Over this

range, customers usually demonstrate different preferences

for specific performance values.

Thurston [36] proposes to construct preference functions

based on the utility theory to model customers’ preferences

over single or multiple product attributes. Chen and Yuan

[37] introduce utility theory based preference functions with

regard to a ranged set of functional specification. This

research applies such a utility theory based preference

measure to describe the varying degree of customer

preference for different levels of expected performance. A

preference function of the expected performance, uðFdrÞ; is a

function defining the relationship between the degree of

preference in terms of utility, u; and a specific level of the

expected performance, ;Fdr [ ½FL
dr;F

U
dr�: The preference

function is defined in the range of 0 and 1. Full preference

(utility) means a fully acceptable design (performance) and

is indicated by u ¼ 1: An unacceptable design (perform-

ance) corresponds to no preference (utility), i.e. u ¼ 0: In

general, the preference function may possess various types

of forms and is not limited to a triangular function as shown

in Fig. 2.

3.2. Achieved performance and performance distribution

Product customization may involve any changes in

design parameters or configuration. Most existing research

on product family design focuses on the optimal determi-

nation of design parameters and/or their values, i.e. ‘how’

design is to be customized [6]. While the technical details of

DD are tedious and always domain dependent, this research

emphasizes on the consequence, rather than the content, of

DD: Such an understanding coincides with the general

principle of performance evaluation in design [38,39].

Further taking into account the uncertainty associated with

customization solutions, we model product customization as

a probabilistic design process and thus describe a custo-

mized design (i.e. DD) in terms of a probabilistic

distribution of the achieved performance of the design, i.e.

pðFsrÞ: To figure out what types of performance distri-

butions, Monte Carlo simulations or other statistical

techniques such as Design of Experiments and Response

Surface Models can be employed [40].

3.3. Formulation of design customizability index

Suh’s [33] original formulation of information content is

derived based on the assumption that the probability density

functions of the system and design ranges are all uniform.

This may be not sufficient to assess designs with different

performance behaviors (e.g. pðFsrÞ in Fig. 2), or the design

range assumes different degree of preference (e.g. uðFdrÞ in

Fig. 2). As shown by the shaded areas in Fig. 2, the

probability of design success can be graphically interpreted

as the overlap area of pðFsrÞ and uðFdrÞ: If we relax the

assumption of uniform distributions, the calculation of the

overlap area can not be replaced with the ‘common range’,

ðFU
dr 2 FL

srÞ; as used in Suh’s original formulation. The joint

effect of non-uniform probability density functions over the

range, ½FL
sr;F

U
dr� has to be taken into account. In this regard,

this research extends the information content measure to this

more general case, as described next.

The information content, I; is measured in terms of the

probability of success of a design, PðFsrÞ; in meeting the

expected performance, Fsr; as the following:

I ¼ 2log2PðFsrÞ: ð2Þ

Mathematically, the probability of success can be defined

as the expected preference function value of (achieved)

design performance over the range of design solutions, i.e.

PðFsrÞ ¼ E½uðFsrÞ� ¼
ðFU

sr

FL
sr

uðFsrÞpðFsrÞdFsr: ð3Þ

Theoretically, information content is a cardinal measure,

i.e. I [ ½0;1Þ; which does not give an indication of the

difference in evaluation. For comparisons of different

criteria on a common basis, it would be more useful to

have a relative index that bears absolute boundaries.

Therefore, the design customizability index, CID, can be

defined as a modified information content measure, i.e.

CID ¼
1

1 2 log2

ðFU
sr

FL
sr

uðFsrÞpðFsrÞdFsr

: ð4Þ

This index is used as a measure to evaluate a customized

design in terms of the goodness of its varying performance

in successfully satisfying a ranged set of customization

requirement. The value of CID ranges from 0 to 1, where

CID ¼ 0 corresponds to I ¼ 1; indicating zero degree of

customizability (i.e. the worst design), and CID ¼ 1 is

equivalent to I ¼ 0; representing the maximum degree of

customizability (i.e. the best design). As a relative measure,

CID represents the degree of a design to be customized cost-

effectively compared with the maximum amount possible.

Three different designs that assume different values of

CID are shown in Fig. 3, where a trapezoid preference

function is assumed. In design (a), the preference function

Fig. 3. Implications of design customizability index.
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remains 1 over almost the entire system range, then

CID ¼
1

1 2 log2

ðFU
sr

FL
sr

pðFsrÞdFsr

< 1: ð5Þ

This is the most desired situation, meaning that the

design is easiest to customize. Nevertheless, CID ¼ 1 cannot

be achieved by designs (b) and (c). It is noteworthy

that design (c) yields the poorest flexibility in customization

ðCID ¼ 0Þ yet the minimal standard deviation, which

indicates the least variability (related to robustness).

3.4. Handling multiple customization requirements

In practice, some customization requirements may

involve linguistic variables due to their qualitative nature.

To deal with this type of intangible performance criteria,

fuzzy numbers have been introduced to express imprecise

levels related to qualitative variables. In this case, the

preference function, uðFdrÞ; keeps the same definition except

that the expected performance becomes a fuzzy variable,

which is specified as a fuzzy number, i.e. Fdr [ ½FL
dr;F

U
dr�

and 0 # FL
dr , FU

dr # 1: The achieved performance is also

treated as a fuzzy variable and specified as a fuzzy number,

i.e. Fsr [ ½FL
sr;F

U
sr� and 0 # FL

sr , FU
sr # 1: The perform-

ance distribution, pðFsrÞ; is replaced by the membership

functions specified for the universe of discourse of fuzzy

variable, Fsr:

Moreover, in the general case of multiple customization

requirements, i.e. Fdr , Fsr , {Fili¼1;…;n}; the probability

of success of design becomes a joint probability. When all

performance variables are assumed to be achieved inde-

pendently [33], the joint probability is given by

PðFsrÞ ¼
Yn

i¼1

PðFiÞ: ð6Þ

Then the design customizability index for multiple

performance variables can be obtained as the following:

CID ¼
1

1 2
Xn

i¼1

log2

ðFU
i

FL
i

uðFiÞpðFiÞdFi

; ð7Þ

where Fi [ ½FL
i ;F

U
i �; ;i [ ½1; n�: However, such an

independence assumption seldom holds true in most design

problems. Thus, design customizability evaluation becomes

a general multicriteria decision making problem. This issue

is discussed in Section 6.

4. Process customizability

4.1. Process platform

The direct consequence of product customization in

production is observed as an exponentially increased

number of variants [41]. Design changes related to product

variety usually result in frequent process variations (referred

to as process variety). Similar to the concept of product

platforms for dealing with product variety, process plat-

forms should be developed to accommodate process variety.

The idea of developing product and process platforms is to

achieve mass production efficiency by utilizing reusability

underlying product diversity and process variations, in

which a set of similar variants share common product and

process structures and thus variety can be differentiated

within these common structures. This research proposes to

develop a process platform based on the generic bill-of-

materials-and-operations [7]. Fig. 4 shows the principle of a

process platform, in which BOM and BOO data are

synchronized into a unified generic structure.

A process platform, V; is defined as a triplet as the

following:

V ¼ ðGBOM;GBOO;GPÞ; ð8Þ

where GBOM; GBOO and GP stand for a generic BOM, BOO

and planning, respectively. A generic BOM (GBOM)

represents the product structures of a product platform

[42]. It is defined as a tuple as the following:

GBOM ¼ ðP; SBOMÞ; ð9Þ

where P and SBOM denote a generic product and a generic

goes-into relationship, respectively. As shown in Fig. 4, a

generic product may be an end-product (P), a sub-assembly

(SA), a component (C), an intermediate part (I), or the raw

material (R). The generic goes-into relationship describes

Fig. 4. An illustration of process platform.
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the hierarchical structure of an end-product consisting of

sub-assemblies, components, intermediate parts, and raw

materials. In addition to the parent–child relationships, the

SBOM also include such attributes as the quantity-per and

cycle times.

Routing information is concerned with how a product is

to be produced, that is, the specification of operations

sequences to be performed at corresponding work centers

along with related resources such as machines, labors, tools,

fixtures and setups. A generic BOO (GBOO) can be used to

represent the process structures and related production data

for producing a given product platform. Fig. 4 also

illustrates the GBOO in a form similar to process flow

diagrams. The corresponding operations data of a manu-

factured end product and intermediate parts/sub-assemblies

is also shown in Fig. 4. In general, a GBOO is defined as a

tuple as the following:

GBOO ¼ ðO; SBOOÞ; ð10Þ

where O and SBOO refer to a generic operation and a generic

routing, respectively. As shown in Fig. 4, a generic

operation may be a machining (M), assembly (A), or kitting

(K) process, and thus can be described in terms of its

attributes in a 4-tuple, i.e.

O , {ðP;WC;RT;FSÞ}; ð11Þ

where P; WC, RT, and FS represent the generic product,

work center, runtime, and tool/fixture/setup requirements

associated with the operation, respectively. The generic

routing describes the sequential relationships between all

operations involved in a process platform.

Generic planning, GP; is introduced to derive specific

process variations in operations routings in order to

accommodate diverse product variants related to a generic

product (i.e. a product platform). Within a process platform,

the variation of an operation results from the differences in

product variants to be processed by this operation. The

relationships between the GBOM and the GBOO are

embodied in the material requirements of production

operations. As conceptually described in Fig. 4, the material

requirement link between GBOM and GBOO data can be

established by introducing a kitting process to each

operation and specifying each component material in the

GBOM as required by the relevant operation of the GBOO

for making its parent product.

To synchronize product and process variety, generic

planning employs a generic variety structure [7] for the

indirect identification [43] of generic products and oper-

ations. While a BOM associates each component material

directly with its parent product, generic planning associates

a component material with the relevant operation in the

GBOO for producing its parent component. For each

manufactured end or intermediate product, a single-level

BOO structure can be derived by specifying the sequence of

operations required for producing that product together with

materials and resources (work centers) required for each

operation. The multilevel BOO can be composed by linking

the single-level BOOs of lower-level intermediate parts

through the operations that require them. Through consist-

ent use of variety parameters and their value set embodied in

the class – member relationships, the correspondence

between generic product structures and routings can be

maintained [7]. While a generic product and a generic

operation are characterized by variety parameters and their

instances, the derivation of specific routings and related

process data exhibits the instantiation of the process

platform with respect to particular variety parameters and

their values.

4.2. Performance indicator of process variations

While the issue of product costing is always implied in

design, the majority of costs are actually committed in the

production stage. Product design can only be fulfilled

through production processes, in which various types of

resources are involved and thus become the ingredients

of product costs. As shown in Fig. 1, the technical feasibility

of a customized design is the major concern in the physical

domain, whilst the cost of the customization is reflected in

process variations in the process domain. Traditional

approaches to product costing is based on the estimation

of various cost components such as materials, machine

hours, direct labors, administration, and engineering costs.

The formidable hindrance of cost estimation lies in its

reliance on detailed knowledge of product design and

process plans. However, a complete description of the

product is not available at the conceptual phase, nor are

the relationships between design parameters and their cost

figures to be committed in manufacturing in the early

design stage.

To circumvent the difficulties in estimating the costs, this

research proposes to use cycle times as the performance

indicator of process variations. In fact, the cycle time, or

lead time, is a very useful performance measure of

production [44]. Many factors affect cycle times, such as

batch sizes, processing and set-up times, variances on

processing and setup times, product mix, routing, etc.

Comparing with those manufacturing-oriented performance

measures (e.g. high machine utilization), the cycle time

suggests itself as a customer-oriented performance measure.

Therefore the cycle time is used here as an indirect measure

of the costs of process variations to assess customizability in

the process domain.

There are many approaches in the field of production

planning and control to determine cycle times [45].

Based on standard routings established in a process

platform, patterns of cycle time determination can be

extracted from historical data and used to extrapolate the

cycle time performance for a customized design. The

feasibility is embodied by the well-recognized principle

of establishing time standards for improving labor

efficiency and organizational performance, such as work

J. Jiao, M.M. Tseng / Computer-Aided Design 36 (2004) 745–757750



measurement and time study [46]. In practice, most

companies have laid the groundwork for predetermined

time standards such as Motion Time Analysis, Work-

Factor, Basic Motion Time Study, and Methods of Time

Measurement. Jiao and Tseng [47] introduce the

systematic procedures to establish relationships between

key design parameters and standard times. In addition to

these time-estimating relationships (TERs), the best,

worst and mean cycle times of a given product platform

with respect to the process platform can also be

established and employed as benchmarks to compare

the cycle time performances of different customized

designs. In other words, difference between an estimated

cycle time and the baseline indicates the performance of

customization in terms of process variation.

4.3. Formulation of process customizability index

The formulation of process customizability index, CIP, is

based on the process capability indices, an approach to

quality control in manufacturing. The quality characteristic

for the cycle time is of ‘the smaller the better’ type. The

cycle time is of the distinction of most variables that differ

as a result of random error and are often well described by

the normal distribution [44]. Hence the one-side specifica-

tion limit indices proposed by Kane [48] can be used, as

shown in Fig. 5, namely

CIP ¼
USLT 2 mT

3sT

; ð12Þ

where USLT, mT; and sT are the upper specification limit,

the average, and the standard deviation of the cycle time,

respectively. Variations in the cycle time are characterized

by mT and sT; reflecting the compound effect of customiza-

tion on production in terms of process variations (i.e.

DP , {DPili¼1;…;q}).

The USLT can be determined based on the worst case

analysis of a given process platform, where a GBOO is used

to accommodates various products customized from the

same product platform. In practice, efforts in standard time

study can also contribute to the evaluation of USLT.

The CIP is used as a measure to evaluate the extent of

process variation, resulting from customization, in terms of

cycle time performance. As there is a positive relationship

between costs and the cycle time [44,47], this index also

gives an indication of how expensive of a customization is

to be if implemented in production. Modeling the economic

latitude of customization as cycle time performance can

alleviate the difficulties in traditional cost estimation which

is tedious and less accurate.

The value of CIP ranges from 0 to 1, where a large value

suggests the related production is easy/cheap, and a small

value a difficult/expensive one. The CIP for three different

processes of customization are shown in Fig. 5. While sT

measures the spread of the process in regard to the

specification range, mT indicates the offset from the target.

Processes (a) and (b) posses the same sT yet different

mTðm
ðaÞ
T , m

ðbÞ
T Þ and thus process (a) has better customiz-

ability, i.e. CIP
ðbÞ , CIP

ðaÞ , 1: Processes (b) and (c) posses

the same mT yet different sTðs
ðbÞ
T . s

ðcÞ
T Þ; thus CIP

ðbÞ ,

CIP
ðcÞ , 1; suggesting process (c) is less expensive.

4.4. Managerial implications of process

customizability index

According to the conditions of one-side specification

limits for a ‘smaller the better’ type quality characteristic

[48], the process yield can be inferred:

%yield ¼ FxðUSLÞ: ð13Þ

Under normal conditions, the index exhibits a one-to-one

relationship with the process yield. The relationship is

given by

%yield ¼ Fð3CIPÞ; ð14Þ

where F is the cumulative distribution function for a

standard normal distribution. As a result, the CIP directly

reflects the process yield because the process yield increases

as the CIP increases. For example, for a 84.134% process

yield, CIP ¼ 1=3; and for a 99.865% process yield,

CIP ¼ 1:0:

5. Customer perceived value of customization

Du et al. [49] study the construction of utility functions

for quantifying the customer-perceived value of customiza-

tion. Starting from an experiment design of ranges and

levels for each customization requirement, test profiles are

constructed and presented to the respondents to access

customer preferences according to appropriate scales of

utility. Then the customer’s subjective preference for

customization should be quantified as the utility with

respect to the overall performance of product features.

Based on such a quantitative measure, standard statistical

analysis techniques may be used to estimate the utilityFig. 5. Process customizability index.
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function. For example, the part-worth and configural

models are popularly used preference models.

Customization usually involves multiple requirements,

i.e. DF , {DFili¼1;…;n}: The customer-perceived value of

customization thus becomes a joint utility of individual

utilities for every customizable feature, i.e.

UðDFÞ ¼
Xn

i¼1

ðwiUiðDFiÞÞ; ð15Þ

where wi indicates the relative importance (customer

preference) of each requirement.

Conjoint analysis is an effective approach used to

measure customer preference and assess utility functions

for multiple product attributes [50]. Considering that a large

number of attributes may be involved, this research applies

adaptive conjoint analysis [51] to explore customer utilities

by asking customers to rate a group of testing profiles in an

interactive setting. Response surfaces can be created to

simulate testing profiles. Other approaches, such as Kano

Diagrams [52] and the Analytic Hierarchy Process [53] can

also be applied to refine utility values.

6. Customizability analysis

Corresponding to multiple customizable features, the

analysis of design customizability involves a set of indices,

one for each individual feature (customization requirement),

that is, CID , {CID
i li¼1;…;n}: The cost effectiveness of

customization in production, however, can always be

measured in terms of cycle time performance, regardless of

that various types of process variations may result from

design changes.

There are basically two types of customizability analysis

problems. Type I is associated with design evaluation, more

specifically, alternative selection. Its task is to select the

most appropriate alternative from a finite set of product

customization concepts. For this purpose, the utility

measure and the design and process customizability indices

are of primary importance among many evaluation criteria.

This type of customizability analysis exhibits the classic

multicriteria alternative evaluation problem as reviewed by

Jiao and Tseng [54].

Type II is regarding design optimization—determining

optimal settings of design parameters for a given

customization alternative (its utility is given and does not

change during the optimization of design parameters) while

maximizing the overall cost effectiveness of customization.

As shown in Table 1, the optimization becomes how to

bring the customizability indices as close to 1 as possible.

In the formulation of goal programming, the indices are

treated as goals and the objective is to minimize the overall

deviations of the indices from 1. Goal programming

has been a commonly used technique in decision-based

design [55].

Table 1

Design optimization for customizability

Given

A customization alternative to be improved, consisting of:

Customization requirements:

Fdri
;wdri

;FL
dri
;FU

dri
;UiðFdri

Þ; i ¼ 1;…; n;

Product platform system models:

Fsri
ð �DÞ;FL

sri
ð �DÞ;FU

sri
ð �DÞ; piðFsri

ð �DÞÞ;

Process platform system models:

USLT;mTð �DÞ;sTð �DÞ;

Find

Design parameters:

�D ¼ {Djlj¼1;…;m};

Satisfy

System constraints:

FL
sri
ð �DÞ # Fsri

ð �DÞ # FU
sri
ð �DÞ;wD þ wP ¼ 1;

System goals:

CID
i þ DD

i ¼ 1;CIP þ DP ¼ 1;

Bounds:

0 # DD
i # 1; 0 # DP # 1;

Objective

Minimize preemptive deviation function (lexicographic minimum):

Z ¼ wD
Xn

i¼1

ðwdri
DD

i Þ þ wPDP
:

Fig. 6. The process platform for encapsulated AC/DC converters.
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Fig. 7. Spreadsheet for standard time calculation.
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In general, a customized design based on existing product

platforms involves both types I and II problems. To meet

specific customer needs, for instance, we have to determine

the most appropriate candidate (e.g. a base product), with

which customization can begin. This is a type I problem.

After locate a candidate, we have to decide the most cost-

effective customization by determining optimal settings of

relevant design parameters. This becomes a type II problem.

Finally, this new design is justified and in turn may be added

to the product platform for future use.

7. Application case

A simplified case study in a power supply company is

presented here. Usually specification of the power supply

unit cannot be determined in substantial detail until the host

system design becomes elaborate enough. As a result, a

custom power supply fitting to the host system is always the

practice. To implement mass customization, the first task is

to construct product and process platforms. A product

platform (e.g. encapsulated AC/DC converters) consists of

five customizable features, including efficiency ðF1Þ;

reliability/MTBF ðF2Þ; noise ðF3Þ; size ðF4Þ; and compat-

ibility ðF5Þ; along with two design parameters: power rate

ðD1Þ and number of outlets ðD2Þ: As regards the construction

of product platforms, Jiao and Tseng [56] provide the details

of a methodology.

The process platform is constructed based on standard

routings (i.e. the GBOO), as shown in Fig. 6. A popular

technique for work measurement, Maynard Operation

Sequence Technique (MOSTw) [57], is adopted as the core

for the process platform to compile standard-time data

associated with the standard routings. All standard time

estimates obtained from the MOSTw are validated according

to the actual data of existing products and processes. Then the

TERs for individual operations are induced in connection to

the key design features and variety parameters associated with

the specific product platform. The derivation of TERs is based

on the regression analysis that provides the formula for

calculating the time for various elements contained in the study.

Fig. 7 shows an example of standard-time calculation sheet.

To meet a custom order, an appropriate product

platform should be identified for customization. As

shown in Table 2, two platform alternatives (BPI and

BPII) can be used to accommodate the customization

requirements that are described as a set of customer needs.

These two platforms are developed based on different

product technologies (i.e. different topologies of power

conversion). Selection of the candidate for customization is

deemed to be the type I customizability analysis problem—

to select the best alternative. While the achieved

performances of D1 and D2 are assumed to be normally

distributed, the preference functions are defined in

triangular forms as depicted in Fig. 8. This definition is

Table 2

Specifications of platforms and the customization

Specification BPI BPII

Product platform F1 ð%Þ=uðF1Þ ½80; 88�/Triangular ½76; 80�/Triangular

F2 ðkhÞ=uðF2Þ ½600; 800�/Triangular ½260; 700�/Triangular

F3 ðppmvÞ=uðF3Þ ½60; 100�/Triangular ½70; 110�/Triangular

F4 ðW=in:3Þ=uðF4Þ ½30; 50�/Triangular ½20; 45�/Triangular

F5=uðF5Þ Good/Triangular Medium good/Triangular

D1ðWÞ=pðD1Þ ½40; 120�/Normal ½30; 100�/Normal

D2 ð#Þ=pðD2Þ {2, 3, 4}/Normal {2, 3, 4}/Normal

Process platform m (min) 48.7 32.6

s (min) 7.8 4.7

USLLT (min) 76.4 56.5

Customization requirements F1 ð%Þ=uðF1Þ 80 ^ 4/Triangular

F2 ðkhÞ=uðF2Þ 700 ^ 100/Triangular

F3 ðppmvÞ=uðF3Þ 70 ^ 5/Triangular

F4 ðW=in:3Þ=uðF4Þ 30 ^ 5/Triangular

F5=uðF5Þ Medium/Triangular

Fig. 8. Triangular preference functions.
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also adopted for the membership functions of the universe

of discourse for fuzzy variable, F5:

The implementation of determining customer-perceived

utility using conjoint analysis is provided by Du et al. [49].

Table 3 shows the results of all customizability indices and

utility estimates that are calculated using Eqs. (4), (12) and

(15). In the analysis, the discrete ðD2Þ and fuzzy ðF5Þ

variables can be handled in the similar way to that of

continuous variables. Following a fuzzy ranking approach

[54], platform BPI is selected as the base product for

the customization owing to its superior customizability to its

counterpart (BPII).

Next, a customized design (BPI*) should be derived from

BPI. This is the type II problem—design optimization. To

deliver the expected utility (0.89), the optimal settings of

design parameters (D1 ¼ 76; D2 ¼ 3) are determined

following the goal programming model in Table 1. To

perform goal programming, we use CPLEX 7.0 optimizer

provided by ILOG (http://www.ilog.com/products/cplex/).

As shown by the values of customizability indices in

Table 3, design BPI* achieves an overall better customiz-

ability than its origin (BPI). Fig. 9 shows the response

surface of utility for all possible customized designs derived

from platform BPI with regards to diverse settings of design

parameters (D1 and D2).

Table 4 gives a comparison of different optimization

strategies. The performance of different solutions is

compared according to the achievement of utility and the

estimated cost. Product costing is based on the methodology

reported by Jiao and Tseng [47]. Solution BPIU results from

the maximization of utility, whilst solution BPIC aims at

minimizing the cost. Solution BPIU produces the maximal

utility (0.90) at the price of being most costly (84.9). On the

contrary, solution BPIC yields the minimal cost (42.8) while

sacrificing the utility (the poorest among the three). By

optimizing customizability, however, solution BPI* reaches

an overall optimum in terms of both utility (0.89) and

cost (50.3).

8. Conclusions

Customizability analysis necessitates the justification of

cost effectiveness of customization around three pillars: the

customer-perceived value, necessary design changes, and

related process variations. Conjoint analysis helps explore

customer-perceived value of multiple customizable product

features independent of diverse design solutions. The

application of information content measure to design

customizability analysis excels in connecting customer

satisfaction to the technical capability of a design. As a

dimensionless scalar quantity, the design customizability

index treats all variables alike, regardless of their physical

origins. Such a measure provides a perfect common metric

for assessing various technical criteria that are inherently

incomparable due to their heterogeneous metrics.

Modeling the economic latitude of customization as

cycle time performance can alleviate the difficulties in

traditional cost estimation which is tedious and less

accurate. Adopting the rationale of process capability

analysis, the process customizability index summarizes the

characteristics of production into one indicator and enables

a proxy for the cost of customization to be assessed in terms

of cycle times, thus providing a basic input for decisions

regarding operations.

In the formulation of the indices, the probabilistic design

aspect of customization is taken into account, in that the

utility, information content and process capability are all

based on probabilistic formulations. This facilitates

Table 3

Results of customizability analysis

Analysis BPI BPII BPI*

CI1
D 0.373 0.392 0.444

CI2
D 0.217 0.156 0.263

CI3
D 0.549 0.556 0.590

CI4
D 0.196 0.681 0.365

CI5
D 0.707 0.365 0.556

CIP 0.163 0.801 0.222

U 0.89 0.67 0.89

D1 ¼ 76; D2 ¼ 3

Fig. 9. The utility response surface of platform BPI.

Table 4

Comparison of optimization results

Solution strategy Design

parameters

Performance

D1 (W) D2 (#) Utility (U) Cost ($)

BPI* (optimizing customizability) 76 3 0.89 50.3

BPIU (maximizing utility) 66 4 0.90 84.9

BPIC (minimizing cost) 89 2 0.12 42.8

J. Jiao, M.M. Tseng / Computer-Aided Design 36 (2004) 745–757 755
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the handling of uncertainties involved in customer needs,

design changes and process variations related to customiza-

tion. By introducing these indices, customization can be

addressed as either a traditional design evaluation or

optimization problem.
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